are on the enzyme surface. MPST is found in all tissues, particularly in the kidneys, although the localization of its activity differs in each tissue. In this review, four functions of MPST are reviewed: (i) antioxidative function: Cys 247 is redox-sensitive and serves as a redox-sensing switch. It is oxidized to cysteine sulfenate, which has a low redox potential, upon which the enzyme is inactivated. Then, reduced thioredoxin (Trx) with a reducing system (Trx reductase and NADPH) reduces the sulfenate to restore activity; meanwhile, Cys 154 and Cys 263 form an intermolecular disulfide bond, which serves as another redox-sensing switch. Consequently, Trx specifically cleaves the intermolecular disulfide bond by converting it from the inactive form (dimer) to the active form (monomer). (ii) Hydrogen sulfide and polysulfide production: hydrogen sulfide is produced via reduction of the persulfurated sulfur-acceptor substrate by reduced Trx or Trx with a reducing system; as an alternative process, stable polysulfurated or persulfurated Cys 247 as a reaction intermediate is reduced by Trx with a reducing system to release hydrogen sulfide and polysulfides. (iii) Possible sulfur oxide production: sulfur oxides (SO, SO 2 and SO 3 ) can be produced in the redox cycle of sulfane sulfur formed at the catalytic site Cys 247 (Cys-SO À , Cys-SO 2À and Cys-SO 3À ) as reaction intermediates and released by reduced Trx or Trx with a reducing system. (iv) Possible anxiolytic-like effects: MPST-knockout mice exhibited anxiolytic-like effects.
Introduction
Two definite and two possible functions of 3-mercaptopyruvate sulfurtransferase (MPST, EC 2.8.1.2) have been reported (Figure 1 ). We first purified MPST to homogeneity from rat liver (Nagahara et al., 1995) . During the establishment of an MPST assay, we noticed that the enzymatic activity of MPST was converted to that of rhodanese [thiosulfate sulfurtransferase (TST)] as the pH decreased in the assay buffer (Nagahara and Nishino, 1994) . After cloning the rat MPST, we successfully converted reciprocal activity between MPST and TST using protein engineering (Nagahara and Nishino, 1996) .
In the intervening quarter century since my study on MPST, we initially discovered that "MPST was evolutionarily related to mitochondrial TST" (Nagahara et al., 1995; Nagahara and Nishino, 1996) . The second discovery was that MPST has an antioxidant effect (Nagahara and Katayama, 2005; Nagahara et al., 2007) : rat MPST contained three cysteinyl residues exposed on the surface of the enzyme, which were redox active and served as thioredoxin (Trx)-specific and redox-sensing molecular switches. Hydrogen peroxide oxidized catalytic site Cys 247 to form a cysteine sulfenate with a low redox potential. It also oxidized two cysteines on the surface of MPST to form an intermolecular disulfide bond. Reduced Trx or Trx with a reducing system (Trx reductase and NADPH) reduces these three cysteines ( Figure 2 ). The third discovery was the production of hydrogen sulfide and polysulfide from the reaction intermediate of MPST (Nagahara et al., unpubl. data) . We proposed that the production of sulfur oxides (SO, SO 2 and SO 3 ) in the redox cycle of sulfane sulfur formed at the catalytic site Cys 247 (Cys-SO À , Cys-SO 2À and
Cys-SO
3À
) and reduction by reduced Trx or Trx at the reducing system (Nagahara et al., 2012) . Finally, to investigate the pathogenesis of mercaptolactate-cysteine disulfiduria, a genetic disease caused by an insufficiency of MPST or a deficiency of its activity, we produced MPST-knockout mice . Meister (1953) and Wood and Fiedler (1953) discovered MPST in rat liver. MPST is distributed throughout prokaryotic and eukaryotic organisms (Meister, 1953; Wood and Fiedler, 1953; Jarabak and Westley, 1978) .
Molecular characteristics of MPST
Rat MPST consists of 296 amino acids with no prosthetic group and has a molecular mass of 32 808 Da (Nagahara and Nishino, 1996) . It contains five cysteines, three of which are
Figure 1
Summary of four functions of MPST. Two definite and two possible functions are shown. In the antioxidative function, the catalytic site Cys 247 (MPST-S), which acts as a redox-sensing switch, is oxidized to MPST-SO (cysteine sulfenate) and then reduced by reduced Trx. Moreover, a disulfide bond formed between MPST-S (red) and MPST-S (blue) (MPST-Cys 154 and MPST-Cys 263 , respectively) acts as another redox-sensing switch. In hydrogen sulfide and polysulfide (H 2 S n ) production, a sulfur of the donor substrate is first transferred to MPST-S À to form MPST-S n -S (Nagahara and Nishino, 1996) ]. The cysteine corresponding to Cys 263 in rat is conserved among mammalian MPSTs, but that corresponding to Cys 154 is unique to rat MPST. MPST is evolutionarily related to mitochondrial TST, with identical protein and cDNA sequences between rat MPST and TST of 60 and 65% respectively (Nagahara et al., 1995; Nagahara and Nishino, 1996) . The MPST-motif sequence GSG and TST-motif sequence RKG were found to be located next to the catalytic site cysteine (Nagahara et al., 1995; Nagahara and Nishino, 1996) . Moreover, MPST was confirmed to be evolutionarily related to TST via site-directed mutagenesis of these amino acids, in which the catalytic ability of MPST was converted to that of TST and vice versa (Nagahara et al., 1995; Nagahara and Nishino, 1996) . In humans, two MPST isoforms, tRNA thiouridine modification proteins (TUMs) have been reported: one is associated with a 25-amino acid mitochondrial-targeting sequence at its N-terminal region (isoform 1), and the other is 20 amino acids longer than isoform 1 at its N-terminal region (isoform 2) (Frasdorf et al., 2014) . At present, the tertiary structure of rat MPST has not yet been determined, although the ternary structure was estimated with QUANTA/CHARMm (Molecular Simulations Inc., San Diego, CA, USA) based on data for the ternary structure of bovine TST (Ploegman et al., 1978) . However, the ternary structures of bovine TST (Ploegman et al., 1978) , Leishmania major (Alphey et al., 2003) , Escherichia coli (SseA; Spallarossa et al., 2004) , human (Tresaugues et al., 2010) and mouse (Hanaoka et al., 2017, Suwanai and Nagahara, 2017) MPST have been reported. According to the ternary structure data for Leishmania MPST, the reaction mechanism resembled that proposed by us, especially with regard to the nucleophilic assistance of a substrate (Alphey et al., 2003) . However, data for the ternary structure of SseA indicated that the reaction mechanism differed from ours (Spallarossa et al., 2004) . The characteristic loop motif of the active site loop and its neighbouring region in SseA differed from those of Leishmania MPST (Alphey et al., 2003; Spallarossa et al., 2004) . Furthermore, in SseA, the carboxyl and carbonyl groups of mercaptopyruvate form hydrogen bonds with Arg 102 and His 66 , and the catalytic site Cys 237 forms a disulfide bond (Spallarossa et al., 2004) . However, in Leishmania MPST, a serine protease-like Asp-His-Ser triad is located near the catalytic site, albeit with a low protease activity (Huang and Yu, 2016; Yadav et al., 2013) . The estimated tertiary structure of rat MPST resembles those of other mammalian MPSTs.
Tissue and cellular distribution
Rat MPST is distributed in all tissues, although its localization differs in each (Nagahara et al., 1998) ; it is mostly found in
Figure 2
Low redox potential cysteine sulfenate formation at the catalytic site Cys 247 for antioxidative function. In schemes shown on the right and in the middle, Trx peroxidase activity was detected, indicating cysteine sulfanate formation. When hydrogen peroxide was added to the mixture containing Trx reductase and NADPH, electrons passed from the reduced Trx to the hydrogen peroxide. Trx was converted to its oxidized form, which was then reduced by Trx reductase and NADPH. When MPST was added to the mixture, two electrons from MPST-sulfenate were accepted by hydrogen peroxide. MPST-sulfenate can be reduced by reduced Trx but not by reduced glutathione (GSH). Therefore, the redox potential of MPST-sulfenate is lower than that of reduced glutathione but higher than that of reduced Trx, as shown as on the left side (modified figure 4 from Nagahara and Katayama, 2005) .
the kidney, followed by the liver and heart, a finding supported by specific activity and Northern blot analyses (Nagahara et al., 1998) . Following a subcellular fractionation MPST activity assay, Western blot analysis and immunoelectronmicroscopy studies, MPST was found to be localized in both the cytoplasm and mitochondria (Nagahara et al., 1998) . Immunohistochemical analysis using rabbit anti-rat MPST polyclonal antibody has also been performed. Analysis of frozen sections using laser confocal microscopy (Nagahara et al., 1998) revealed that MPST was localized in the perivascular glial cells in the brain, bronchiolar epithelial cells in the lung, myocardial cells in the heart, pericentral hepatic cells in the liver and proximal renal tubular cells in the kidney. Recently, paraffin sections using anti-rabbit IgG conjugated with HRP polymer and diaminobenzidine-hydrogen peroxide (Tomita et al., 2016) revealed positive staining in a different location from those in previous results; MPST was found to be located in molecular layer cells in the cerebellum of the brain; convoluted tubular, proximal convoluted tubular, collecting duct epithelial and pelvic epithelial cells in the kidney; bronchiolar Clara cells in the lung; medullary epithelial cells in the thymus; seminiferous tubular and Leydig cells in the testis; in the bile ductular and extrahepatic biliary epithelial cells in the digestive organs; granular convoluted cells in the submandibular gland, oesophageal squamous epithelial, gastric glandular mucosal epithelial and presumably neuroendocrine cells in the endocrine organs; islets and ductal epithelial cells in the pancreas; medulla and cortex cells (zona fasciculate) in the adrenal gland; intermediate zone cells in the pituitary gland; and epithelial cells in the parathyroid gland. It is noteworthy that MPST is distributed in some endocrine cells.
In the human TUM described above, TUM1-Iso1 is present in the cytosol, whereas TUM1-Iso2 exhibits dual localization in the cytosol and mitochondria (Fräsdorf et al., 2014).
Genetic characteristics
As described above, MPST is evolutionarily related to mitochondrial TST (Nagahara et al., 1995; Nagahara and Nishino, 1996) . TST and MPST genes are tandemly arranged (GenBank nucleotide database of rat TST) and bidirectionally transcribed. We investigated the human MPST promoter region. The human MPST gene contains 595 and 299 bp exons divided by a 4405 bp intron. It contains a prominent G + C-rich sequence with many CpG and GpC dinucleotides. In the promoter region, a silencer element (a GC box instead of a TATA box) and an initiator element are located upstream of the starting point of transcription (Nagahara et al., 2004b) . A promoter activity assay and cap site hunting analysis of human MPST revealed that the promoter region has features of a typical housekeeping gene promoter (Nagahara et al., 2004b) . The intron contains a sequence (TCACGCTA) corresponding to a complementary xenobiotic responsive element (Fujisawa-Sehara et al., 1987 , 1988 ; however, it did not affect promoter activity. In mouse development, MPST protein expression in the brain and lung increased after embryonic day 14 Tomita et al., 2016) , indicating its involvement in developmental regulation.
Catalysis, inhibition and inactivation
MPST is categorized as a cysteine-catabolizing enzyme involved in the mercaptopyruvate pathway (Nagahara and Sawada, 2006) . MPST catalyses a transsulfuration reaction and follows two-substrate enzyme-catalysed reactions (a single substrate reaction also occurs): the sulfur of a donor substrate such as mercaptopyruvate or thiosulfate is transferred to thiol-containing acceptor substrates such as mercaptopyruvate (Nagahara et al., 1995; Nagahara and Nishino, 1996) (Figure 3 ). In rat MPST, Arg 187 at the opening of the active centre serves as a binding site for the carboxyl group of mercaptopyruvate. The positively charged nitrogen of the side chain of Arg 187 interacts with the oxygen in the carbonyl group of mercaptopyruvate via nucleophilic assistance (Nagahara and Nishino, 1996) , a finding supported by the ternary structure of mouse MPST (Hanaoka et al., 2017) . The catalytic site Cys 247 is redox active (pKa ≈ 6.0).
Then, Sγ of mercaptopyruvate attacks Cys 247 , and a stable persulfide is formed as a reaction intermediate; the persulfide is stable at 4°C for at least 1 month (Nagahara and Nishino, 1996) . Hydrogen bonds between the outer sulfur of the persulfide at Cys 247 , Ser 248 and Thr 252 stabilized the persulfide, a finding supported by the results of the ternary structure of Leishmania MPST (Alphey et al., 2003) . A sulfuracceptor substrate (thiol compound) attacks the outer sulfur of the persulfide at Cys 247 , after which the sulfur is transferred to the substrate and a new persulfide molecule is formed ( Figure 3 ). It is interesting that cyanide acts as an acceptor substrate at a concentration of approximately 60 mM BJP N Nagahara in rat MPST (Nagahara et al., 1995) . Less toxic thiocyanate is formed when cyanide attacks the persulfide, which is believed to detoxify the cyanide. For rat MPST, only an apparent K m value for cyanide can be determined at a cyanide concentration of 60 mM. K m values for mercaptopyruvate and thiosulfate were found to be 2.6 and 4.4 mM respectively (Nagahara et al., 1995 (Nagahara et al., , 1999 . However, K m values of MPST for mercaptopyruvate and thiosulfate were found to be 1.2 and 73 mM respectively (Nagahara et al., 1995) . As described below, a persulfide-formed substrate can be subsequently reduced to hydrogen sulfide by DTT, reduced Trx and Trx with a reducing system (Mikami et al., 2011a; Yadav et al., 2013) ( Figure 3 ). Polysulfides are usually formed during an Ssulfuration reaction (Kimura, 2013) (Figure 3 ). MPST inhibition and inactivation mechanisms were investigated.
We synthesized 3-chloropyruvate (mercaptopyruvate analogue). The inactivation of rat MPST exhibited pseudo-first-order kinetics with k inact = 0.068 ± 0.003 min À1 and K i = 4.0 ± 0.2 mM (Nagahara et al., 2004a) . A stoichiometric concentration of hydrogen peroxide oxidized the catalytic site cysteine to form cysteine sulfenate, resulting in inhibition. However, excess molar hydrogen peroxide oxidized to form cysteine sulfenite/sulfonate, resulting in inactivation of rat MPST (k iapp = 3.3 ± 0.2 min À1 , K iapp = 120.5 ± 10.5 μM) (Nagahara and Katayama, 2005) . Tetrathionate also oxidized the catalytic site cysteine of rat MPST to form sulfenyl thiosulfate, resulting in inhibition (k iapp = 2.5 ± 0.2 min À1 and K iapp = 178.6 ± 12.2 μM) (Nagahara and Katayama, 2005) . These results are discussed below. DTT inhibited bovine MPST following a non-competitive pattern (Porter and Baskin, 1995) . 3-Mercaptopropionic acid and 2-mercaptopropionic acid also inhibited bovine MPST following an uncompetitive pattern (K i = 17 mM each) (Porter and Baskin, 1995) . Pyruvate, α-ketobutyrate and α-ketoglutarate inhibited bovine MPST (K i = 6.4, 6.1 and 6.1 mM, respectively) (Porter and Baskin, 1996) . Recently, two selective inhibitors of mouse MPST were reported (Hanaoka et al., 2017) ; [6-methyl-2-{[2-(naphthalen-1-yl)-2-oxoethyl]sulfanyl}pyrimidin-4(1H)-one and 2-({[(4-oxo-1,4-dihydroquinazolin-2-yl)sulfanyl]acetyl} amino)thiophene-3-carboxamide] were found in a compound library using the hydrogen sulfide production activity of mouse MPST. During screening, compounds that spontaneously reacted with mercaptopyruvate, DTT and the product hydrogen sulfide were excluded. Mouse MPST-inhibitor complex crystals were first analysed using X-ray crystallography (Hanaoka et al., 2017) . It is noteworthy that the MPST-inhibitor complex exhibits a 4-pyrimidone-sulfur-carbonyl-aromatic ring involving persulfurated Cys 248 . These compounds are selective inhibitors of persulfurated MPST.
Antioxidative function
With regard to cysteine metabolic pathways under oxidizing conditions, the cysteine pool is increased due to the inhibition of methionine synthase (EC 2.1.1.13) at the posttranslational level (Mosharov et al., 2000; Nagahara and Sawada, 2006; Taokam et al., 1998) and activation of cystathionine β-synthase (EC 4.4.1.1) at the posttranslational level (Chen et al., 1995; Nagahara and Sawada, 2006) . Furthermore, glutamate-cysteine ligase (EC 6.3.2.2), which is a key enzyme in glutathione (GSH) synthesis, was activated at the translational level (Dormer et al., 2002) . MPST was also inhibited under oxidizing conditions, resulting in the suppression of cysteine degradation (Nagahara and Katayama, 2005; Nagahara et al., 2007; Nagahara, 2008 Nagahara, , 2013 (Nagahara and Katayama, 2005) . These three cysteines are redox active and function as Trx-specific and redox-sensing molecular switches (Nagahara and Katayama, 2005; Nagahara et al., 2007) .
Catalytic site Cys 247 as a redox-sensing switch
The catalytic site Cys 247 of rat MPST is a redox-sensitive cysteine residue (pH,~6.0). Hydrogen peroxide was found to oxidize Cys 247 , thereby inactivating MPST ( Figure 2 ). As the sulfur-donor substrate may reduce the cysteine sulfenate, inhibition kinetic analysis (Nagahara and Katayama, 2005) was performed to determine the kinetics of a suicide substrate (Kitz and Wilson, 1962 ) without a real substrate in the reaction mixture. After the inactivation, a real substrate was added, and the remaining activity was measured. The inhibition kinetics can be represented as follows:
where K i is the dissociation constant of the EI complex, E is the enzyme and EI is the enzyme-inhibitor non-covalent complex;
where [e] = concentration of MPST when time is t and
The inhibition velocity equation is
where k i is the inhibition rate constant, which was determined from the plotting of the t 1/2 value versus 1/[I (inhibitor)]. These three equations can be rearranged as
Integration of this equation leads to
where E 0 is the initial concentration of enzyme.
Role of mercaptopyruvate sulfurtransferase BJP
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The ratio of the remaining enzyme activity can be represented as
When e ½ E0 ¼ 0:5; t ¼ t 1=2 , this equation can be rearranged to
where t 1/2 is the time when the remaining activity is 50% of the untreated control activity, which was determined from a semilog plot of v/v 0 versus time, where v 0 is the reaction rate when inhibitor = 0 mM. Inhibition by a stoichiometric concentration of hydrogen peroxide exhibited pseudo-first-order kinetics with k i = 3.3 ± 0.2 min À1 and K i = 120.5 ± 10.5 (Nagahara and Katayama, 2005 (Nagahara and Katayama, 2005) . Furthermore, we confirmed the formation of cysteine sulfenate at the catalytic cysteine using an enzymatic activity assay and matrix-assisted laser desorption/ionization timeof-flight MS (MALDI-TOF-MS) (Nagahara and Katayama, 2005 BJP N Nagahara enzymatic activity was lost (Figure 2) . However, DTT, reduced Trx or Trx with a reducing system reduced the sulfenate to restore activity (Figure 2 ). However, excess molar concentrations of hydrogen peroxide further oxidized Cys 247 to cysteine sulfinate and cysteine sulfonate. DTT, reduced Trx or Trx with a reducing system could not restore the activity (Figure 2) . However, the catalytic cysteine sulfenate was not reduced by reduced GSH, indicating that it had a lower redox potential than the reduced GSH (Nagahara and Katayama, 2005) (Figure 2 ). These processes were also analysed by MALDI-TOF-MS. When another oxidant, tetrathionate, was used, similar results were obtained. Moreover, we found that MPST exhibited Trx peroxidase activity (Nagahara and Katayama, 2005) , which indicates that two electrons are transferred from two molecules of reduced Trx to hydrogen peroxide via cysteine sulfenate (Figure 2 ). This is evidence for the formation of low redox potential sulfenate at the catalytic site cysteine, which has a mid-redox potential lower than that of reduced GSH (À240 mV) (Aslund et al., 1997) and higher than that of reduced Trx (À270 mV) (Aslund et al., 1997) and which can reduce the sulfenate (Nagahara and Katayama, 2005) (Figure 2) .
However, in this case, the sulfenyl cysteine cannot be detected by 4-chloro-7-nitrobenzofurazan (NBD-Cl) (maximal absorption at 343 nm for free NBD-Cl, 347 nm for the sulfenate-NBD adduct and 420 nm for the cysteine-NBD adduct), probably because the mid-redox potential of the sulfenyl cysteine is lower than usual (Nagahara and Katayama, 2005 (Nagahara et al., 2007) , which drive the monomer-dimer equilibrium (Nagahara, 2008 (Nagahara, , 2011 (Nagahara, , 2013 Nagahara et al., 2007) . The activity of dimeric MPST is lower than that of its monomeric form. The inter-subunit disulfide bond is cleaved by treatment with DTT, reduced Trx or Trx with a reducing system (Nagahara et al., 2007) (Figure 4) . Reduced Trx or Trx with a reducing system is twice as strong as DTT for restoring wild-type MPST activity (Figure 4) . However, reduced GSH cleaves these disulfide bonds to a much lesser degree than do Trx systems, meaning that the redox potential of these cysteine residues is lower than that of GSH and higher than that of Trx. The inter-subunit disulfide bond serves as a Trx-specific and redox-sensing molecular switch (Nagahara et al., 2007) . Recombinant rat wild-type MPST and mutant enzymes (C154S and/or C263S) (Nagahara et al., 2007) were analysed using HPLC with a gel filtration column before reduction by DTT, E. coli C32S Trx or E. coli C35S Trx (Figure 4) . The chromatogram showed a monomer (inactive form)-dimer (active form) equilibrium. However, only the double mutant enzyme (C154/263S) exhibited a single peak, meaning that the two cysteines formed a dimer. Recombinant rat MPST and native MPST from rat liver exhibit monomer : dimer ratios of 92.2:7.8 and 2:1, respectively, under air-saturated conditions (Nagahara et al., 2007; Nagahara, 2013) (Figure 4) . This difference is probably the result of the presence of a large amount of reducing agents in the liver. Reduced Trx cleaved the disulfide bond to form monomeric MPST in 20 min (Figure 4) . The dimers were converted to their monomeric form at a monomer : dimer ratio of 99.0:1.0 (Figure 4) . However, treatment with DTT for even 12 h did not significantly change the dimer to its monomer, with a monomer : dimer ratio of 95.8:4.2, meaning that reduced Trx is more effective at converting the dimer to the monomer than is DTT (Nagahara et al., 2007; Nagahara, 2013) (Figure 4) . However, the monomer/dimer equilibrium of C154S and Table 1A Functions of hydrogen sulfide
Functions
Induction of LTP in the hippocampus Abe and Kimura (1996) Activation of NMDA receptors a Kimura (2015) Reduction and sulfuration of cysteine disulfide bonds Kimura et al. (Nagahara et al., 2007) . With regard to the molecular evolution of the redox-sensing molecular switch, the switch emerged in MPST after an increase in the concentration of atmospheric oxygen (Nagahara, 2013) .
With respect to the reaction of Trx with MPST, reduced E. coli C32S Trx with or without DTT did not activate MPST. In contrast, E. coli C35S Trx with DTT activated MPST to the level 4.5 times that of the control (Figure 4) . HPLC analysis suggested that reduced E. coli C32S Trx did not change the dimer content, although reduced E. coli C35S Trx did decrease the dimer and monomer contents, with the appearance of complexes corresponding to MPST-C35S Trx, MPST-2x35S Trx, MPST-3xC35S Trx, 2xMPST-C35S Trx, 2xMPST-2xC35S Trx and 2xMPST-3xC35S Trx (Figure 4) . It is noteworthy that DTT diminished these MPST-Trx complexes. Thus, Cys 32 of
Trx attacks an inter-subunit disulfide bond to form Trx-MPST complexes. Reduced rat C32S Trx, like E. coli C35S Trx, also activated MPST to a level 4.9 times that of the control (Nagahara et al., 2007) .
Hydrogen sulfide and polysulfide production
The physiological functions of hydrogen sulfide and polysulfides have already been reviewed (Kimura, 2016; Suwanai and Nagahara, 2017) . These functions in the cardiovascular system, neural system, diseases (cancer and diabetes), cellular bioenergetics and bacterial processes are Koike et al. (2013) Decrease in toxic oxidative stress by forming oxidized Keap1 dimers of translocating Nrf2 b Koike et al. (2013) a Sulfuration releases Nrf2 from the Keap1-Nrf2 complex and translocates Nrf2 from the cytosol to the nucleus, resulting in the up-regulation of antioxidant genes such as haem oxygenase 1 (EC 1.14.99.3) and glutamate-cysteine ligase (EC 6.3.2.2). b Moreover, induction of the phosphorylation of PKB through the Keap1/Nrf2 pathway.
Keap1, Kelch-like ECH-associated protein 1; Nrf2, nuclear factor erythroid 2-related factor 2.
Table 1C
Functions of polysulfides
Functions
Induction of calcium influx by the activation of a cation channel subfamily A and TRPA1 Kimura et al. (2013); Nagai et al. (2004) Induction of LTP in the hippocampus due to activation of NMDA receptors a Kimura (2015) Inhibition of tumour suppressor lipid phosphatase and tensin homologue by oxidation Greiner et al. (2013) Decrease in toxic carbonyl stress, which is the direct scavenging role of polysulfides Koike et al. (2015) a Induction due to release of D-serine from astrocytes as a result of calcium influx.
TRPA1, transient receptor potential ankyrin 1.
Figure 5
Alternative production pathway of hydrogen sulfide and polysulfide form a reaction intermediate of MPST. The scheme of the possible production process of H 2 S n is shown.
BJP N Nagahara
Figure 6
Possible mechanism of sulfur oxide production. In the right column, MALDI-TOF-MS analysis is shown with an extended spectrum on the mass number scale during the redox cycle of persulfurated MPST. In the right column, (A) recombinant rat MPST under air saturated. MPST-S (Cys 247 ) S À (persulfurated MPST) was also observed; (B) after sample A was treated with cyanide (CN), the outer sulfur of persulfide was removed summarized in Tables 1A, 1B, 1C . However, MPST has not been confirmed to contribute to all of these conditions. Hydrogen sulfide and polysulfides were produced by cystathionine β-synthase (EC 4.2.1.22) (Abe and Kimura, 1996) , cystathionine γ-lyase (EC 4.4.1.1) (Hosoki et al., 1997) , TST Mikami et al., 2011b) and MPST (Shibuya et al., 2008 (Shibuya et al., , 2009 Mikami et al., 2011a Mikami et al., , 2011b Yadav et al., 2013; Kimura et al., 2015) . Two possible mechanisms of hydrogen sulfide and polysulfide production from MPST are as follows: MPST transfers a sulfur atom from mercaptopyruvate to the catalytic site cysteine, and stable persulfide is formed as a reaction intermediate. Then, thiolcontaining compounds attack the persulfide, and a new persulfide molecule is formed at the substrate. Hydrogen sulfide is produced from the persulfurated substrate by reductants such as Trx (Mikami et al., 2011b; Kimura et al., 2015) . When the substrate is a dithiol compound, such as Trx and dihydrolipoic acid, the additional sulfur atom may be reduced by an autoreduction process (Yadav et al., 2013) .
Moreover, hydrogen disulfide and polysulfides are also produced from the stable polysulfurated (persulfurated) catalytic site cysteine of MPST as reaction intermediates after reduction by Trx with a reducing system (Nagahara et al., unpubl. data) (Figure 5 ).
Possible sulfur oxide production
The physiological roles of sulfur dioxide, including vasorelaxation (Meng and Zhang, 2007; Du et al., 2008; Wang et al., 2009 ) and myocardial injury (Du et al., 2008) , have been reported, although it is also toxic (Liu et al., 2016) . We proposed that sulfur oxides (SO, SO 2 and SO 3 ) could be produced from the redox cycle of sulfane sulfur formed at the catalytic site Cys 247 (Cys-SO À , Cys-SO 2À and Cys-SO 3À )
and reduction in rat MPST ( Figure 6 ). These molecules were identified using MALDI-TOF-MS (Nagahara et al., 2012) ( Figure 6 ). The outer sulfur of persulfurated MPST can be cleaved by cyanide or DTT ( Figure 6B , C). However, even an excess molar quantity of thiosulfate did not completely persulfurate Cys 247 ( Figure 6F ). It was converted to its persulfurated form in approximately 60% of all MPST ( Figure 6F ). Then, a stoichiometric concentration or excess molar quantity of hydrogen peroxide oxidized the persulfurated Cys 247 to form Cys-thiosulfenate (Cys-Sγ-SO À ) ( Figure 6G ), Cys-thiosulfinate (Cys-Sγ-SO 2 À ) ( Figure 6I ) and Cys-thiosulfonate (Cys-Sγ-SO 3 À ) ( Figure 6J ). Subsequently DTT, reduced Trx or Trx with a reducing system reduced these compounds to release sulfur oxides ( Figure 6 ). However, direct evidence for sulfur oxide formation has not been obtained.
